In this study, eight inbred maize lines with high or low tolerance to cold temperature were investigated using bulk segregant analysis (BSA). Genetic diversity and genetic relationships were investigated using 100 simple sequence repeat (SSR) markers linked to cold tolerance in maize. A total of 319 alleles were identified. Among these, 128 were high coldtolerant-specific alleles and 61 were poorly coldtolerant-specific alleles, while the remaining 130 were shared between the two types. The number of alleles per locus ranged from 2 to 5, with an average of 3.19. The major allele frequency varied from 0.39 to 0.53 with an average of 0.47. The average gene diversity and polymorphic information content among all lines were 0.63 and 0.58, respectively. A dendrogram analysis identified three main clusters and most of the high tolerant inbred lines were clearly distinguished from the poorly tolerant inbred lines. In addition to the BSA, a total of 84 SSR markers were identified as high cold tolerance-specific alleles and 52 SSRs were detected as poorly cold tolerance-specific alleles. Of these, bnlg1273, umc1124, dupssr21, mmc0251, mmc0181, and phi041 have great potential for being molecular markers for cold tolerance in maize. Our results were in agreement with results previously reported for SSR markers linked with cold tolerance in maize. The identification and characterization of high and poorly cold tolerant maize lines based on SSR markers will be useful for future maize breeding studies.
INTRODUCTION
Improving the cold stress resistance of crop plants is a major objective for breeders in tropical, sub-tropical, and warm temperate parts of the world. Maize is highly sensitive to low temperature, due to its tropical origin. Abiotic stresses have adverse effects on plant physiology, growth, and biochemical processes (Farooqi et al., 2012) . Maize has expanded to cooler regions of the world in the last 50 years, due to improved cold tolerance of modern maize varieties. Cold temperatures are an important constraint for global maize production, as it is not favorable for early seedling growth in crop plants (Guan et al., 2009) . Currently, maize is cultivated at a wide range of altitudes. High yielding germplasms are sensitive to low temperatures and the varieties that are associated with cold tolerance tend to produce lower yields (Revilla et al., 2005) . To maintain higher production, many adaptations have been made. In the northern and southern hemispheres, maize cultivation is limited because cooler regions are not easily adoptable for germination. Germination energy, germination rate, root length, and shoot length are all affected in plants due to stress conditions. However, it is hard to measure cold tolerance in the field due to the fluctuation of environmental conditions. Furthermore, seed storage under varying climate conditions is not trivial. Hence, it is essential to identify maize lines that are highly resistant to cold temperatures (Mirosavljević et al., 2013) .
The productivity of a maize plant can be altered due to cold stress. Low temperature disturbs the mean germination time and is directly correlated with shoot length and dry weight of the plant. Low temperature also affects the photosynthetic rate and may cause oxidative stress and cell damage (Riva-Roveda and Périlleux, 2015) . Furthermore, if the temperature falls rapidly, water present in intracellular spaces is converted into crystals that can damage the cell wall, cell membrane, and other organelles (Mazur, 2004) . To resist against insects, it is essential for crop plants to grow vigorously. Moreover, cold temperature also affects plant morphology and biomass production (Strigens et al., 2013) . In the early stages of maize growth, biomass accumulation in crop plants is reduced due to cold sensitivity (Frei, 2000) . It is important to identify cold tolerant maize strains in response to fluctuating environmental conditions. Gene expression can be changed in response to low temperatures. It is essential to know how cold tolerant a plant is in order to identify the gene that is responsible for cold stress. Modification in the pattern of gene expression allows plants to adapt to stressful conditions. Genes related to stress resistance can be elucidated through germination testing. Adaptation is important for the survival of plants and maintenance of crop yield (Sanghera et al., 2011) . Early seasonal adaptability can be assessed by observing traits linked to cold tolerance (Hoffman et al., 2015) . Under certain environmental conditions, there is great variability among maize inbred lines because both the physiological responses of the plants and their efficient breeding slow down at low temperatures. Revilla et al. (2000) revealed that cold tolerance is an important trait related to the vegetative period of the maize plant.
For the development of new maize varieties, it is important to have knowledge about genetic diversity and the relationship among breeding plants. The assessment of genetic diversity has historically been accomplished by using morphological data such as pedigrees, amount of heterosis by hybrid expression, and endosperm type of inbred lines. Cold tolerance involves various additive, dominant, and maternal effects and is, therefore, a complex trait with polygenic inheritance. Maize breeding for cold tolerance attains less success in yield production. The main hindrance to produce cold tolerant varieties is low heritability and fitness (Mahajan et al., 1993; Revilla et al., 2000; . Seed origin plays an important role in the interaction of the genotype with the environment, due to the cold tolerance trait showing low heritability (Revilla et al., 2005) .
Physiologists have had to rely upon phenotypic correlation analyses using genetic stocks differing in expression of a particular trait, to test the association between various traits and yield. However, the development of molecular marker technologies has changed this trend. Bulk segregant analysis (BSA) is a valuable tool that has been used to identify molecular markers for numerous plant types. Two variants of the BSA technique are available, depending on whether the plants are derived from a cross between two parental lines or from a population of plants with diverse genetic backgrounds. The difference can be found among genotypes, which, unlike the morphological markers, are not influenced by environmental factors (Legesse et al., 2007) . Microsatellites, or simple sequence repeat (SSR) genetic markers, are di-, tri-, or tetra-nucleotide motifs with short stretches of tandem repeats. SSR markers are abundant and highly variable in the plant genome (Matsuoka et al., 2002) . SSRs are multi-allelic, highly polymorphic, and co-dominant in nature, which makes them one of the most useful genetic markers for breeders in molecular analysis of crops (Gupta and Varshney, 2000) . SSRs have proven to be a valuable tool for genomic mapping, population and conservation genetics studies, property right protection, marker-assisted selection, and diversity measurements in maize (Warburton et al., 2002; Pinto et al., 2003) .
The objective of this study was to identify promising cold tolerance maize cultivars and to characterize the genetic relationship between high and poorly cold tolerance varieties. Thus, our BSA results may be used to help identify traits important in determining cold stress resistance of maize strains. In addition, markers identified by BSA can be used to help incorporate such traits into a breeding program to improve cold stress resistance in maize.
MATERIAL AND METHODS

Plant material
A screen from a cold germination test resulted in a total of eight maize lines that were used in this study. Among these, five (CO439, CO438, CO450, CO435, and CO445) had high tolerance against cold temperatures and were referred to as cold tolerant lines, whereas three (CO437, CO436, and CO440) had poorly tolerance and were referred to as cold susceptible lines (Table 1) .
DNA isolation
Leaf tissue from each inbred line was harvested from three-to four-week-old seedlings. Genomic DNA was extracted using the method of Dellaporta et al. (1983) with minor modifications. Briefly, about 50-70 mg leaf tissue from each inbred line was placed in a 2-mL screw-cap tube containing 800 µL 5% CTAB extraction buffer. The leaf tissues were homogenized into fine pastes using a FastPrep ® FP120 Instrument (QBiogene, Carlsbad, CA, USA) and then incubated at 65°C for 60 min. The samples were extracted once with chloroform iso-amyl alcohol (24:1) and precipitated twice with 70 and 95% ethanol. The pellets were air dried and re-suspended in 100 µL TE (10 mM Tris-HCl, pH 8.0, and 0.2 mM EDTA). The DNA concentration was estimated by comparison to a serial dilution of lambda DNA standard on a 1% agarose gel and adjusted to approximately 10 ng/µL.
BSA, SSR primers, and polymerase chain reaction (PCR) amplification
The selected markers were those that had polymorphisms in the form of a clearly visible difference in band patterns between the high and poorly tolerant inbred lines. High and poorly cold tolerant inbred lines were screened for polymorphisms using SSR-specific primers. A total of 100 SSR primers were selected from Maize GDB (http://www.maizegdb.org/), related to the cold tolerance trait (Enoki et al., 2002; Jompuk et al., 2005; Reid et al., 2011) .
SSR amplifications were performed in a total volume of 30 µL and consisted of 20 ng genomic DNA, 1X PCR buffer, 0.3 µM forward and reverse primers, 0.2 mM dNTPs, and 1 U/µL Taq Polymerase (BIOTOOLS B&M Labs, S.A., Madrid, Spain). The PCR cycling conditions were as follows: initial denaturation at 94°C for 5 min, followed by two denaturation cycles at 94°C for 1 min, annealing at 65°C for 1 min, and extension at 72°C for 2 min. The annealing temperature was decreased by 1°C in every second cycle until it reached to 55°C. The last cycle was repeated 20 times. When the cycles were complete, the extension cycle was extended for 10 min at 72°C.
SSR data analysis
Gel photographs were scored manually. For each genotype, the bands were binary coded as 1 or 0 for their presence or absence, respectively. A genetic dendrogram was constructed on the basis of Sxy = 2Nxy / (Nx + Ny), where Nxy refers to the number of bands in common between plant x and y. Nx and Ny denote the total number of bands in each plant x and y, respectively (Nei and Li, 1979) . The calculations were performed using the arithmetic Rohlf (1992) . Using the genetic analysis package Power Marker v. 3.25 by Liu and Muse (2005) , variability at each locus [number of alleles (N A ), major allele frequency (MAF), gene diversity (GD), and polymorphic information content (PIC)] was measured. The PIC value can be used to evaluate diversity using the following formula:
where p lu and p lv are the frequencies of alleles u and v, respectively.
RESULTS
Genetic diversity among maize inbred lines
The evaluation of genetic diversity was based on the MAF, GD, and PIC values calculated from allele scoring data of SSR loci linked with cold tolerance. The MAF of all lines was found to average 0.47. The average N A per locus was 3.19, ranging from 2 to 5 alleles per locus. The average GD value was 0.63, varying from 0.59 to 0.73, whereas the average PIC value was 0.58 (Table 2 and Table S1 ). In high tolerant inbred lines, the N A , GD, and PIC values were 1.53, 0.59, and 0.52, respectively. In comparison, for poorly tolerant inbred lines, the N A , GD, and PIC were 1.17, 0.53, and 0.44, respectively. The mean MAF value was 0.44 and 0.35 in the high and poorly tolerant inbred lines, respectively. A comparison of the GD among high and poorly tolerant inbred lines showed that, with the exception of MAF, all values were higher in high cold tolerant inbred lines (Table 3 and Table S2 ). 
Identification of specific alleles related to cold tolerance
In the molecular experimentation for BSA, high and poorly cold tolerant maize inbred lines were assessed using 100 SSR primer sets. The amplified SSR locus fragments ranged from 50 to 600 bp but most bands were located in the 50-300 bp size range. The alleles that were observed only in high tolerant lines were designated as high cold tolerance-specific alleles, whereas poorly cold tolerance-specific alleles were those that were found exclusively in the poorly tolerant lines. In addition to these, alleles that were observed in both high and poorly tolerant lines were named shared alleles. A total of 319 alleles specific to either high cold tolerance or poorly cold tolerance strains were identified (Figure 1) . High cold tolerancespecific alleles were detected in 84 SSR markers, whereas poorly cold tolerance-specific alleles were found in 52 SSR markers (Table 4) . 1  108  2  phi109642  2  144, 142  3  umc1639  1  100  2  umc1551  1  70  3  umc1266  1  67  2  bnlg1520  1  180  3  umc1394  1  200  2  umc1042  2  119, 100  3  bnlg197  1  122  2  phi127  2  290, 280  3  umc1148  1  180  2  mmc0111  2  182, 160  3  bnlg1182  2  112, 108  2  dupssr21  3  158, 157, 147  4  phi072  1  122  2  umc1464  1  189  4  nc005  1  166  2  umc1845  1  172  4  umc1086  1  90  3  umc1012  1  132  4  umc1031  1  120  3  mmc0251  3  133, 127, 125  4  phi021  1  96  3  umc1639  1  95  4  umc1720  1  190  3  umc1394  2  269, 260  5  phi087  1  114  3  bnlg197  1  100  5  bnlg1695  1  122  3  mmc0022  2  105, 89  5  phi024  1  162  3  bnlg1182  2  128, 118  5  bnlg1237  1  157  4  phi072  1  120  6  phi123  1  66  4  bnlg1621  1  130  6  umc1133  1  122  4 Continued on next page
Phylogenetic relationship of high and poorly cold tolerant maize inbred lines
The eight maize inbred lines clustered into three major phylogenetic groups ( Figure  2 ). Group I included only one high tolerant inbred line (CO439). Group II included five inbred lines that consisted of four high tolerant inbred lines (CO438, CO450, CO435, and CO445), and one poorly tolerant inbred line (CO437). Group III included two poorly tolerant inbred lines (CO436 and CO440). One inbred line (CO437) was not clearly separated from the two major cluster groups. Most of the high tolerant inbred lines were clearly separated from the poorly tolerant inbred lines. 1  100  2  umc1551  1  70  3  umc1266  1  67  2  bnlg1520  1  180  3  umc1394  1  200  2  umc1042  2  119, 100  3  bnlg197  1  122  2  phi127  2  290, 280  3  umc1148  1  180  2  mmc0111  2  182, 160  3  bnlg1182  2  112, 108  2  dupssr21  3  158, 157, 147  4  phi072  1  122  2  umc1464  1  189  4  nc005  1  166  2  umc1845  1  172  4  umc1086  1  90  3  umc1012  1  132  4  umc1031  1  120  3  mmc0251  3  133, 127, 125  4  phi021  1  96  3  umc1639  1  95  4  umc1720  1  190  3  umc1394  2  269, 260  5  phi087  1  114  3  bnlg197  1  100  5  bnlg1695  1  122  3  mmc0022  2  105, 89  5  phi024  1  162  3  bnlg1182  2  128, 118  5  bnlg1237  1  157  4  phi072  1  120  6  phi123  1  66  4  bnlg1621  1  130  6  umc1133  1  122  4 
DISCUSSION
It is an important breeding objective to improve cold tolerance of maize. Much research has been done on phenotypic evaluation of cold tolerance, but few studies have used a genetic approach to identify cold tolerant maize (Hoffman et al., 2015) . In a previous study by Farooqi and Lee (2016) , maize inbred lines were separated into cold tolerant or cold susceptible lines. In the present study, among eight inbred lines, five were selected for high cold tolerance and three were considered as poorly tolerant (Table 1) . Some of the inbred lines used here (CO435, CO436, CO437, CO439, and CO440) have been used previously for genetic diversity analysis using SSR markers (Reid et al., 2011) .
Until recently, many studies have had to rely on BSA using genetic stocks differing in expression of a particular trait to test the association between the agronomic traits and molecular markers (Quarrie et al., 1999; Fernández-Del-Carmen et al., 2007; Becker et al., 2011; Deschamps et al., 2012; Ye et al., 2015) . Populations such as BSA are more easily prepared to identify plants or lines with high or low expression of the trait of interest. In addition, two sets of DNA can be prepared in only a few months, one from the 'high' individuals and the other from the 'low' individuals, and analyzed for allele frequency of molecular markers. BSA has been used previously to discover tolerance mechanisms in maize inbred lines (Quarrie et al., 1999) . The major advantages of using BSA include the detection of QTLs from large populations, extreme mapping from disparate ends of a phenotypic range in a population, and the use of near-isogenic lines in specific regions of the genome (Michelmore et al., 1991; Deschamps et al., 2012) . Among the many available molecular markers, SSR genotyping can exploit heterosis through detection of variability among inbred lines that can lead to a genetically diverse population source in a maize breeding improvement program (Pinto et al., 2003) .
Using genetic diversity analysis, we evaluated MAF, GD, and PIC based on calculations using allele scoring data of SSR loci linked with cold tolerance (Tables 2 and 3 , Tables S1 and S2). All values were observed to be higher in high cold tolerant inbred maize lines, except MAF (Table 3 ). The MAF of all lines was found to be 0.47 with mean values of 0.44 and 0.35 in the high and poorly tolerant inbred lines, respectively. These values are lower than those previously reported by Kim et al. (2015) and Sa et al. (2016) . By contrast, we observed a GD value of 0.63, which was relatively higher than that reported by Sa et al. (2016) . The average PIC value (0.58) was also significantly lower than that reported by Vaz Patto et al. (2004) and Reid et al. (2011) . The possible reason for the observed differences in our genetic diversity analysis values compared to those of previous studies may be due to the smaller number of inbred lines used in our experiment.
In the present study, a considerably lower average N A per locus (3.19) was also observed compared to previous studies. Vaz Patto et al. (2004) Legesse et al. (2007) identified 104 alleles from 23 SSR markers with a mean of 3.85 alleles per locus. The smaller number of inbred lines used in our experiment might be the reason for detecting fewer alleles per locus. However, Shiri (2011) observed 3.33 average alleles per locus, which is somewhat lower than the other previous studies mentioned above.
SSR markers were identified as high and poorly cold tolerance-specific alleles (Table  4) . Altogether, 319 high and poorly cold tolerant specific alleles were identified. Of these, 128 were high cold tolerance-specific, 61 poorly cold tolerance-specific, and 130 were shared alleles (Figure 1) . In our experiment, a total of 84 SSR markers were identified as containing high tolerant specific alleles. The number of high cold tolerant specific alleles ranged from 1-4 for all the high cold tolerant SSR markers. Among total alleles, three high cold specific alleles were found in the umc1124, dupssr21, mmc0251, mmc0181, and phi041 SSR markers. Two specific alleles were detected in 32 SSR markers, and one single allele was detected in 46 markers ( Table S2) . The maximum N A was detected in bnlg1273 with sizes ranging from 148-210 bp. Enoki et al. (2002) found bnlg1273 on linkage group 1 with eight alleles using SSR markers when comparing between dent and northern flint inbred lines in cold regions of Japan. Vaz Patto et al. (2004) detected five alleles on umc1013. In another experiment, Rodriguez et al. (2014) used cold specific SSR markers for segregating a population of cold tolerant (EP42) and cold susceptible (A661) maize inbred lines. In our study, 52 SSR markers were detected in cold susceptible maize inbred lines. The number of poorly cold specific alleles ranged from 1-2. Among these, 42 SSR markers contained a single allele and 10 SSRs had two alleles. Zhang et al. (2011) detected QTLs associated with cold tolerance on umc1124, whereas Jompuk et al. (2005) detected cold tolerant QTLs on dupssr21. These specific markers have great potential for identifying cold tolerance in maize.
For the phylogenetic relationships, the eight maize inbred lines clustered into three major groups (Figure 2) . Based on the dendrogram, there was clear linkage among the high and poorly cold tolerant lines with the exception of CO439 from the cold tolerant and CO437 from the cold susceptible lines that could not clearly be distinguished from the two major groups. This is in agreement with previous studies that have investigated the genetic basis for the adaptation of maize inbred lines to cold temperatures (Jompuk et al., 2005; Legesse et al., 2007; Reid et al., 2011) . Reid et al. (2011) demonstrated that maize inbred lines (CO439, CO435, CO437, and CO440) were clustered into different groups. Only CO436 and CO438 were clustered into the same groups. The main cause for differences in linkage among clustering groups is because an inbred line that is related to two other inbred lines from separate clusters will be grouped with the one to which it is most clearly related (Legesse et al., 2007) .
In the present study, alleles were identified using BSA and SSR molecular markers specific to poorly and high cold tolerant inbred maize strains (Figure 1 ). Similar studies have been performed by Quarrie et al. (1999) using BSA and by grouping plants into either high or poorly cold tolerance-specific expression groups according to their particular traits of drought resistance. In another study, Kumar et al. (2014) used BSA to assess high yielding drought tolerance in rice. However, Fernández-Del-Carmen et al. (2007) used a combination of cDNA AFLP and BSA to identify co-segregating genes in a diploid potato population. We can conclude that BSA is an alternative approach that can help identify important traits and markers for cold tolerance in maize. BSA may be a valuable aid for plant breeders in the future.
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